A review of the latest measurements of the primordial abundances of the light nuclei D, 3 He, 4 He and 7 Li is given. We discuss in particular the primordial abundance Y p of 4 He as measured in blue compact dwarf galaxies. We argue that the best measurements now give a "high" value of Y p along with a "low" value of D/H, and that the two independent measurements are consistent within the framework of standard Big Bang nucleosynthesis with a number of light neutrino species N ν = 3.0±0.3 (2σ).
Introduction
The Big Bang theory which says that the universe began its existence from an inimaginably small, hot and dense state is supported by four main key observations: 1) the expansion of the universe, 2) the Planck blackbody spectrum of the Cosmic Microwave Background (CMB), 3) the tiny density fluctuations in the CMB and the resulting large-scale distribution of galaxies, and 4) the chemical make-up of the stars and galaxies, with which we will be concerned here. In the Standard Big Bang Nucleosynthesis (SBBN) model, light nuclei H, D, 3 He, 4 He, and 7 Li were produced by nuclear reactions a few minutes after the birth of the universe. Given the number of light neutrino species N ν = 3 and the neutron lifetime, the abundances of these light elements depend on one cosmological parameter only, the baryon-to-photon ratio η, which in turn is directly related to the density of ordinary baryonic matter Ω b . The ratio of any two primordial abundances, for example that of 4 He to H gives η, and accurate measurements of the other three light elements tests SSBN.
η is determined during baryogenesis which occurs when three conditions are fulfilled in the early universe, as pointed out by Sakharov (1967): 1) a symmetry violation leading to different interactions for matter and anti-matter (such as CP violation), 2) interactions which modify the baryon number and 3) departure from thermodynamic equilibrium. It is not known when the last condition occurs, but if it occurs in a first order phase transition, at the electroweak scale, then it may be hoped that future experiments will allow to predict η. On the other hand, if it occurs at the GUT or inflation scale, which is not accessible to experimentation in the near-future, predicting η will be very difficult.
The main physical processes in SBBN are the following (Kolb & Turner 1990 : at early times, for times less than about 1 second, weak reactions maintain the n/p ratio close to the Boltzman value. As the universe expands and the temperature drops, n/p decreases until about 1 second (T ∼ 1MeV), when the weak reaction rate becomes slower than the expansion rate. At that time, the n/p ratio freezes at the value of about 1/6. n and p start to combine to make D, but photodissociation is rapid and no significant build-up of light nuclei occurs until about 100 seconds, when the universe has cooled down to about 0.1 MeV, well below the binding energies of the light nuclei. About 20% of the free neutrons have decayed before being included in nuclei. The remaining neutrons go into the building of 4 He nuclei. The primordial helium mass fraction Y p of 4 He depends relatively weakly on η as the n/p ratio depends on weak reactions between nucleons and leptons and not on pairs of nucleons. If η is larger, Y p increases because nucleosynthesis starts earlier and more nucleons end up in 4 He nuclei, and less in D and 3 He. As for 7 Li, two channels contribute to manufacture it in the η range of interest, so that a given 7 Li abundance corresponds to two different values of η. Section 2 discusses our latest measurements of the primordial 4 He abundance as derived from observations of blue compact dwarf galaxies. Section 3 reviews the measurements of the primordial abundances of other light elements. Section 4 discusses whether these independent measurements are consistent with each other within the framework of SSBN, and gives the derived cosmological baryon density. Section 5 discusses the number of light neutrino species as derived from the most consistent set of primordial element abundances.
The primordial
4 He abundance as derived from blue compact dwarf galaxies Blue compact dwarf galaxies (BCD) are low-luminosity (M B ≥ -18) systems which are undergoing an intense burst of star formation in a very compact region (less than 1 kpc) which dominates the light of the galaxy ( Figure 1 ) and which shows blue colors and a HII region-like emission-line optical spectrum (Figure 2 ). BCDs are ideal laboratories in which to measure the primordial 4 Helium abundance because of several reasons: 1) With an oxygen abundance O/H ranging between 1/50 and 1/3 that of the Sun, BCDs are among the most metal-deficient gas-rich galaxies known. Their gas has not been processed through many generations of stars, and thus best approximates the pristine primordial gas. have argued that BCDs with O/H less than ∼ 1/20 that of the Sun may be genuine young galaxies, with stars not older than ∼ 100 Myr. Thus the primordial Helium mass fraction Y p can be derived accurately in very metal-deficient BCDs with only a small correction for Helium made in stars.
2) Because of the relative insensitivity of 4 He production to the baryonic density of matter, Y p needs to be determined to a precision better than 5% to provide useful cosmological constraints. This precision can in principle be achieved by using BCDs because their optical spectra show several He I recombination emission lines and very high signal-to-noise ratio emission-line spectra with moderate spectral resolution of BCDs can be obtained at large telescospes (4 m class or larger) coupled with efficient and linear CCD detectors with a relatively We obtain Y p = 0.2443±0.0015 with dY /dZ = 2.4±1.0 ( Figure 3 ). Our Y p is considerably higher than those derived in previous work by other groups which range from 0.228±0.005 (Pagel et al. 1992 ) to 0.234±0.002 (Olive et al. 1997) . At the same time, our derived slope is significantly smaller than those of other authors, dY /dZ = 6.7±2.3 for Pagel et al. (1992) and dY /dZ = 6.9±1.5 for Olive et al. This shallower slope is in good agreement with the value derived from stellar data for the Milky Way's disk and with simple models of galactic evolution of BCGs with well-mixed homogeneous outflows.
We believe our Y p value to be more reliable because we have taken into account several systematic effects that were not considered in previous work. In order of decreasing importance, these effects are:
1) Stellar HeI absorption lines underlying HeI emission lines. When these are not recognized and corrected for, the derived Y p is too low. Underlying stellar absorption is particularly important in the BCD I Zw 18 (compare in Figure 2 the He I line intensities in the NW component where underlying stellar absorption is important and in the SE component where that effect is less important). Because this BCD has the lowest metallicity known, it plays a particularly important role in determining the intercept and slope of the Y versus O/H and Y versus N/H regression lines and hence Y p .
2) To derive the He mass fraction, the emission He I line fluxes (Figure 2 ) need to be corrected for several mechanisms which enhance the line emission. Previous authors usually use only the single 6678 He I line and correct only for electron collisional enhancement. This correction is usually carried out adopting the electron density derived from the [S II] 6717/6731 emission-line ratio. They neglect fluorescent enhancement which can also be important. We use the five brightest He I lines in the optical range, which allows us to correct for both collisional and fluorescent enhancements and calculate the electron density N e (He II) in a self-consistent 3) We have observed all the galaxies in our sample with the same telescopes and instrumental set up, and the data were all reduced in a homogeneous way. This is in contrast to more heterogeneous BCD samples used by previous investigators. A uniform sample is essential to minimize as much as possible the artificial scatter introduced by assembling different data sets reduced in different ways.
Instead of the statistical approach described above, we can also derive the primordial He abundance from accurate measurements of the He abundance in a few objects selected to have very low O/H to minimize the amount of He manufactured in stars. have carried out such a study for the two most metal-deficient BCDs known. I Zw 18 (1/50 of solar metallicity) and SBS 0335-052 (1/41 of solar metallicity) provide a study in contrast concerning the different physical mechanisms which may modify the He I emission-line intensities. While in I Zw 18, the electron number density is small (N e ≤ 100 cm −3 ) and collisional enhancement has a minor effect on the derived helium abundance, N e is much higher in SBS 0335-052 (N e ∼ 500 cm 3 Primordial abundances of Deuterium, Lithium and 3 Helium
Deuterium
Of all light elements, the abundance of deuterium (D) is the most sensitive to the baryonic mass. Stars do not make significant D but D is easily destroyed because of its fragility, so that D/H measured in the interstellar medium of the Milky Way or the Solar System constitute only lower limits to the primordial D abundance. The latter can be measured directly in lowmetallicity absorption line systems in the spectra of high-redshift quasars. The quasar is used as a background light source, and the nearly primordial gas doing the absorbing is in the outer regions of intervening galaxies or in the intergalactic medium (the so-called Lyman α clouds). −5 in one system. However, later observations showed the absorption near D to be at the wrong velocity and being too wide. The high value is now generally attributed to contamination from another HI cloud with a velocity near that of D along the line of sight. Tytler et al. (2000) argue convincingly that all available data are consistent with a single low value of (D/H) p , and that quasar spectra that give high (D/H) p values can be readily interpreted as contamination by HI clouds along the line of the sight to the quasars and having a velocity near that of D.
Lithium
Old halo stars that formed from nearly pristine gas with very low iron abundances during the gravitational collapse of the Milky Way show approximately constant 7 Li/H (the so called "Spite plateau", Spite & Spite 1982) , implying that their 7 Li is nearly primordial. Creation or depletion of 7 Li may make the 7 Li abundances of halo stars deviate from the primordial value. Creation of 7 Li in the interstellar medium by cosmic ray spallation prior to the formation of the Milky Way has to be less than 10-20%, so as not to produce more Be than is observed since the latter is also enhanced in this process (Ryan et al. 1999 ).
There is still considerable debate concerning the possible depletion of 7 Li inside stars. Depletion mechanisms that have been proposed include mixing due to rotation or gravity waves, mass loss in stellar winds and gravitational settling. If depletion is present, then the primordial (Caso et al. 1998) shown by the dashed line. Therefore, we conclude that both data sets of primordial abundances of light elements are in good agreement with predictions of standard big bang nucleosynthesis theory.
